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INDUCTIVE  OUTPUT  AMPLIFIERS 


1.  INTRODUCTION 

Inductive  output  amplifiers  (lOA)  use  an  emission-gated  beam  in  which  the  emission  current 
density  of  the  cathode  is  a  periodic  function  of  time  and/or  position  on  the  cathode  surface.  This 
class  of  devices  is  characterized  by  the  following:  (1)  the  beam  is  fully  modulated  before  acceleration 
to  cathode  potential;  (2)  velocity  dispersion  in  the  beam  is  minimized;  (3)  there  is  no  drift  space  for 
the  purpose  of  converting  velocity  modulation  into  density  modulation;  and  (4)  the  rf  output 
electrode(s)  and  the  beam  collection  electrodes  are  separate  and  distinct.  Superior  efficiency  in 
converting  beam  power  to  circuit  wave  power  results  from  the  minimal  velocity  dispersion  and  from 
the  separation  of  the  RF  output  and  beam  collection  electrodes.  Compactness  and  specific  power 
improvements  follow  from  the  absence  of  a  drift  space  and  its  associated  length  of  magnet.  Although 
emission  gating  of  electron  beams  offers  clear  advantages  in  efficiency  and  compactness,  it  makes 
stringent  demands  of  the  cathode  structures  where  the  gating  occurs. 

Field  emission  arrays  (FEAs)  have  long  been  recognized  as  promising  replacements  for 
thermionic  emitters  in  vacuum  devices  due  to  their  instant  turn-on  and  high  current  density 
capabilities.  Recent  improvements  in  gated  FEA  technology  provide  a  new  alternative  to  gridded 
thermionic  electron  beam  sources  [1]  at  frequencies  above  UHF.  However,  this  new  opportunity  is 
subject  to  the  integration  of  FEA  technology  into  the  vacuum  tube  environment.  [2]  Inductive  output 
amplifiers  require  modulation  of  the  emission  current  from  the  ultrasharp  tips  (radius  of  curvature  < 
100  A)  by  means  of  voltage  applied  to  the  gate  electrodes.  Because  the  gate  is  generally  coplanar 
with  the  emitter  tips,  the  transit  time  of  the  FEA  is  orders  of  magnitude  lower  compared  to  thermionic 
cathodes  where  the  gate  plane  is  on  the  order  of  500  pm  from  the  cathode  surface.  Superior 
transconductance  is  anticipated  due  to  the  exponential  voltage  dependence  of  the  field  emission 
current  compared  to  the  dependence  typically  seen  in  thermionic  cathodes.  The  potential  of 
gated  FEA  cathodes  for  low  transit  time  and  high  transconductance,  added  to  instant  turn-on  and 
high  current  density,  has  generated  considerable  interest  in  developing  an  FEA  cathode  for  inclusion 
into  a  twystrode  or  klystrode  amplifier. 

With  the  notable  exceptions  of  the  Varian  klystrode  and  the  Naval  Research  Laboratory  (NRL) 
twystrode  experiments  (to  be  discussed  in  Section  2),  there  has  been  little  development  of  thermionic 
lOAs  in  recent  years  and  no  application  of  gated  field  emission  arrays  in  lOAs.  In  the  absence  of 
practical  experience  with  gated  field-emission  lOAs  covering  a  significant  range  of  operating 
conditions,  there  is  need  for  a  systematic  procedure  to  evaluate  components,  such  as  input  and  output 
circuits  and  the  FEAs,  for  their  individual  merit  and  combined  ability  to  meet  a  given  set  of  amplifier 
specifications.  To  develop  this  procedure,  we  have  (1)  chosen  figures  of  merit  for  the  amplifier 
performance,  such  as  gain  and  efficiency;  (2)  analyzed  the  individual  components  using  tools 
developed  through  research  over  the  last  decade;  (3)  devised  scaling  laws  for  the  performance  of  the 
components;  (4)  linked  the  scaling  laws  to  predict  amplifier  performance;  and  (5)  mutually 
optimized  the  component  specifications  to  meet  the  amplifier  specifications.  While  the  input  circuit 
affects  gain  and  the  output  circuit  affects  efficiency,  the  FEA  strongly  affects  both  gain  and 
efficiency.  In  this  paper,  we  derive  the  FEA  characteristics  required  for  high  performance. 
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2.  EXPERIMENTAL  STATUS  OF  lOAs 

A.  V.  Haeff  [3,4,5]  provided  the  first  description  of  a  premodulated  electron  beam  combined 
with  a  nonintercepting  output  circuit,  which  he  called  the  inductive  output  amplifier.  He  built  and 
tested  a  developmental  tube  consisting  of  a  grid-controlled  thermionic  cathode,  cavity  output  circuit, 
and  depressed  collector,  and  obtained  10  dB  gain  and  25%  net  efficiency  at  500  MHz.  He  also  noted 
that  the  electron  transit  time  in  the  grid-cathode  gap  limits  the  highest  frequency  of  operation.  This 
approach — contemporary  with  the  initial  development  of  velocity-modulated  klystrons — was  dropped 
as  the  advantage  of  velocity  modulation  in  producing  high  gain  became  apparent.  The  first  report  of 
a  prebunched  beam  passed  through  a  traveling-wave  output  circuit  appeared  more  than  two  decades 
later.  This  experiment,  by  A.  J.  Lichtenberg  [6],  employed  both  a  gridded  cathode  for  temporal 
modulation  of  the  current  and  an  inductively  tuned  cavity  for  velocity  modulation  of  the  electrons. 
The  output  end  of  the  helix  terminated  in  an  internal  tapered  load  rather  than  a  vacuum  window; 
power  measurements  were  made  by  a  traveling  probe.  Current  modulation  increased  the  single-pass 
efficiency  from  20%  to  40%,  with  the  best  efficiency  observed  when  the  input  power  to  the  helix  was 
just  sufficient  to  counteract  longitudinal  space-charge  debunching  forces  in  the  beam.  A  second 
experiment  with  an  output  window  revealed  the  considerable  difficulty  of  impedance-matching  the 
output  in  the  presence  of  the  prebunched  beam.  The  development  of  pyrolytic  graphite  [7,8,9] 
provided  a  new  alternative  to  metal  grids,  enabling  fabrication  of  grid  structures  with  superior 
dimensional  stability  at  high  temperatures  and  good  thermal  and  electrical  conductivity.  Such  highly 
refractory  grids  could  be  placed  very  close  to  the  surface  of  large  cathodes,  thus  allowing 
development  of  high-power  gridded  thermionic  cathodes  with  electron  transit  times  under  1  nano¬ 
second.  In  the  1970s,  commercial  demand  for  efficient,  high-power  amplifiers  drove  the 
development  of  the  Varian  klystrode  for  UHF  television  transmitter  service  [10,11].  The  klystrode  is 
particularly  well  suited  to  efficient  amplification  of  television  signals  because  it  combines  the  efficient 
output-coupling  cavity  of  a  klystron  with  Class  C  operation;  when  the  signal  amplitude  is  small,  the 
average  beam  power  drops  proportionately.  In  the  late  80s,  Varian  built  and  tested  a  very-high- 
power  klystrode  as  a  linear  accelerator  driver.  Power  output  of  500  kW  was  achieved  [12]. 

The  Navy’s  need  for  compact  and  efficient  power  amplifiers  suitable  for  mobile  platforms  has 
motivated  a  combined  experimental,  simulation,  and  analytical  study  of  twystrodes  [13,14],  or  lOAs 
with  traveling-wave  output  circuits.  The  experimental  amplifier  development  program  at  NRL  has 
provided  extensive  information  on  the  coupling  of  emission-gated  electron  beams  to  helical  output 
circuits,  including  the  tradeoffs  among  gain,  efficiency  and  compactness.  The  results  of  the 
experiments  have  been  used  to  verify  simulations  run  with  the  2V2D  particle-in-cell  code  MAGIC 
[15],  with  the  objective  of  developing  a  predictive  design  capability  for  twystrode  amplifiers. 

The  initial  twystrode  experiments  used  a  gridded  thermionic  gun  and  a  UHF  input  circuit 
manufactured  by  Varian,  chosen  as  the  most  robust  and  reliable  available  technology.  The  electron 
beam  modulation  is  continuously  variable  over  current  ratios  (average  to  peak)  of  0.2  <  la/Ip  <1.0 
(or  from  current  emission  during  only  one-fourth  of  each  rf  cycle  to  a  dc,  unmodulated  beam).  The 
tightness  of  the  bunching  is  limited  by  the  available  drive  power,  not  by  space-charge  expansion  or 
thermal  velocity  effects.  The  output  circuits  are  tape  helices,  lightly  loaded  with  vanes  for  moderate 
dispersion  and  carrying  2  dB  of  carbon  attenuation  near  the  input  window  for  stability.  Because  the 
input  circuit  is  narrowband,  all  the  measurements  have  been  made  at  a  frequency  of  487  MHz;  the 
wideband,  low-dispersion  output  circuit  is  used  because  its  reduced  stability  and  coupling  impedance 
make  it  a  rigorous  test  of  the  prospects  for  wideband  twystrodes  when  wideband  cathodes  become 
available. 
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To  date,  three  twystrodes  have  been  studied,  with  circuits  1,  2.25,  and  3.25  wavelengths  long. 
Figure  1  shows  the  2.25-wavelength  helix.  The  3.25-wavelength  circuit  was  unstable  due  to 
impedance  mismatch  at  the  output  windows;  fortunately,  simulation  studies  subsequent  to  its  initial 
design  showed  that  it  was  too  long  for  maximum  efficiency.  For  the  extremely  short,  one- 
wavelength-long  helix,  the  efficiency  improves  for  increasing  beam  current  and  decreasing  bunch 
width.  For  the  2.25  wavelength  helix,  the  efficiency  improves  monotonically  with  current  but  an 
optimum  bunch  width  is  observed,  which  also  increases  with  current.  This  is  consistent  with  saturation 
occurring  in  a  shorter  distance  for  higher  current  and  narrower  bunch  width.  The  agreement  with 
simulation  is  excellent;  Fig.  2  shows  simulations  of  growth  and  saturation  with  data  from  both 
experiments.  Note  that  the  length  of  circuit  to  saturation  decreases  as  the  bunch  width  decreases. 


DRIVK 


Fig.  1  — Experimental  twystrode  circuit 


Fig.  2  —  Simulatiions  of  circuit  power  vs  position  with  experimental  data  points 
at  1  wavelength  and  2.25  wavelengths 
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These  experiments  have  shown  that  space-charge  debunching  of  the  beam  is  not  significant;  we 
hypothesize  that  the  circuit  field  grows  up  rapidly  enough  to  confine  the  beam.  The  saturation 
efficiency  is  limited  by  loss  of  synchronism  between  the  bunches  and  the  circuit,  not  by  dispersion  of 
the  bunches.  Accordingly  the  simulation  effort  was  broadened  to  include  velocity-tapered  helices 
[16].  A  quadratic  taper  of  the  helix  pitch  was  assumed  and  the  initial,  half-way,  and  final  phase 
velocities  adjusted  for  maximum  efficiency.  A  radically  tapered  helix  pitch  with  an  exit  velocity  one- 
third  of  the  initial  velocity  converted  over  45%  of  the  beam  power  to  the  fundamental  harmonic 
frequency  in  these  simulations.  The  efficiency  vs  distance  for  this  case  is  shown  in  Fig.  3(a),  which 
gives  the  ratio  of  the  power  in  the  fundamental  harmonic  circuit  wave  to  the  initial  beam  power. 
Figure  3(b)  illustrates  the  corresponding  phase  space  (axial  momentum  of  beam  particles  vs  axial 
position);  a  aoss-section  of  the  beam  is  shown  in  Fig.  3(c).  The  need  to  prevent  electron  reversal 
ultimately  limits  energy  extraction  from  the  beam.  An  experimental  helix  has  been  constructed  to 
this  design  and  is  in  cold  test. 

This  research,  using  commercially  available  technology,  has  demonstrated  that  strong  coupling 
exists  between  an  emission-gated  electron  beam  and  a  traveling-wave  circuit,  converting  beam  power 
to  circuit  power  at  rates  up  to  20%  per  wavelength.  Practical  twystrodes  are  expected  to  be  5  to  10 
times  shorter  and  double  the  efficiency  of  traveling  wave  tubes  of  comparable  frequencies, 
Extensions  of  the  experimental  program  with  field  emission  cathodes  are  under  way  at  Varian  and  at 
NRL.  The  design  process  for  these  experiments  will  be  discussed  in  Section  4. 

3.  CATHODE  REQUIREMENTS 

The  key  to  the  performance  advantages  of  lOAs  is  emission  gating  of  the  electron  beam  at  the 
cathode  surface,  before  acceleration  to  anode  potential.  The  cathode  assembly  that  performs  this 
modulation  is,  for  most  applications,  either  an  old  technology  pushed  to  its  fundamental  limitations 
(i.e.,  gridded  thermionic  cathodes)  or  a  new  technology  pushed  to  its  present  limits  of  performance 
(i.e.,  FEAs  or  laser-driven  photocathodes)  The  critical  measures  of  the  performance  of  any  emission¬ 
gated  cathode  are  low  transit  time,  high  transconductance,  and  a  low  input  power  for  the  required 
beam  modulation.  In  addition,  the  current  density  should  be  neither  too  low  nor  too  high  for  good 
beam  optics.  Each  of  these  factors  are  reviewed  below  and  figures  of  merit  are  used  to  compare  the 
different  technologies. 

3.1.  Transit  Time 

It  is  a  well  known  rule  of  design  for  triodes,  tetrodes,  etc.,  that  the  electron  transit  time  must  be 
less  than  about  one-third  of  the  period  to  avoid  excessive  loading  of  the  input  cavity  and  loss  of 
bunch  quality.  In  an  lOA,  the  emitted  electrons  must  pass  the  influence  of  the  gate  and  enter  the 
monotonic  anode  potential  field  in  less  than  one-third  of  the  period.  For  parallel  plane  electrodes 

apart,  the  transit  time  is  T=  5g(--^j2m^TeV^ ,  giving  /  5^^  >2{mgfe){3f)  .  For  gridded 
thermionic  cathodes  in  high-power  applications,  an  optimistic  estimate  of  5^^  =  500  pm,  and 

=  100  V  gives  a  maximum  frequency  near  2  GHz;  for  a  typical  FEA,  5^^  is  on  the  order  of 
1  pm,  and  the  corresponding  transit-time-limited  frequency  is  1  THz.  Since  must  be  held  down 

to  maintain  the  gain  and  efficiency  of  the  amplifier,  it  follows  that  the  grid-cathode  assembly  must  be 
miniaturized  for  high  frequency  operation  (i.e.,  if  the  dc  grid  bias  potential  is  raised,  the  current  ratio 
drops  and  efficiency  is  reduced;  if  the  rf  grid  potential  is  increased  to  compensate,  the  gain  is 
reduced.)  Whether  or  not  the  current  comes  from  field  emission,  the  use  of  microfabricated 
structures  is  unavoidable  above  a  few  gigahertz. 


Fig.  3  —  Phase  space  of  electrons  in  a  i 
(b)  axial  momentum  vs  axial 


(c) 

radically  tapered  helix:  (a)  efficiency  vs  distance 
position;  and  (c)  beam  cross-section. 
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2.2.  Transconductance 


The  transconductance  gm  of  a  voltage-controlled  current  source  is  defined  as  the  incremental 
change  in  beam  current  divided  by  the  incremental  change  in  gate  potential:  g^  =  dheamf^^gc-  For 
the  purpose  of  relating  cathode  performance  to  the  gain  of  an  lOA,  a  power  transconductance  gp 
may  be  defined  as  the  incremental  current  for  an  increment  in  drive  power:  gp  *^oits 

of  amperes-per-watt.  Usually  emission-gating  is  performed  by  applying  an  oscillating  potential  to  a 
gridded  cathode,  and  the  conversion  becomes  gp=gm^^gc^^^dr’  where  the  relation  between  the 

drive  power  and  the  voltage  at  the  gate  depends  upon  the  input  circuit  (to  be  discussed  in  the  next 
section).  For  a  photocathode,  the  power  transconductance  becomes 


ip  = 


cdrigiectrons 

^photons 


^  1  dPlaser  _ 
hV  dPdr 


e 

*  tJcathode  *  ^rf  laser  modulation 

hv 


The  initial  constant  being  of  order  unity,  the  efficiency  of  the  photoemitter  becomes  the  limiting 
factor  in  the  use  of  photocathodes  for  vacuum  amplifiers. 

3.3.  Capacitance 

In  a  gridded  cathode,  the  gate  and  the  emitting  surface  form  a  capacitive  load  on  the  rf  input 
circuit.  Figure  4  shows  the  source  represented  by  its  Thevenin  equivalent.  The  impedance 
transformation  may  take  many  forms — for  example,  quarter-wave  lines,  stub  tuners,  or  tapered 
impedances.  The  FEA  capacitance,  its  external  resonant  inductance,  and  the  feed  lines  typically  form 

a  low-Q  termination.  The  power  required  for  a  voltage  swing  on  the  gate  is  where 

is  defined  by  =  V^^^  +  V^smcot.  In  a  resonant  circuit,  this  is  equal  to  the  reactive  power 
exchanged  between  the  inductance  and  the  capacitance:  =\(OqCV^  .  Additional  power  is 

required  to  overcome  resistive  losses  in  the  circuit;  at  resonance  this  is  equal  to  the  available  power 
supplied  by  the  driver  in  each  cycle.  The  ratio  Preac/^ avail  quality  factor  Q  of  the  resonant 

circuit,  leading  to  .  If  the  impedance  transformation  is  perfect  and  lossless,  the 

required  drive  power  is  P dr  avail’  result,  valid  at  the  resonant 

frequency,  assumes  that  the  characteristic  impedance  of  the  input  transmission  line  can  be  matched  to 
the  loss,  while  ignoring  losses  and  reflections  in  impedance  transformers  outside  the  resonant  loop.  If 
the  impedances  cannot  be  matched  (and  a  typical  FEA  has  a  real  impedance  on  the  order  of  1  Q  or 
less)  then  the  required  drive  power  will  be  increased  by  an  additional  factor  of 
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Fig.  4  —  Series  RLC  circuit  for  rf  input 
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which  may  cost  10  dB  or  more  of  gain.  At  off-resonant  frequencies,  the  inductance  will  not  supply 
all  of  the  reactive  power;  the  required  drive  power  will  increase  as 


(O  Q)q^ 
0)0  0)  ^ 


iK 


to  maintain  the  same  current  in  the  resonant  circuit  and  thus  the  same  gate  voltage  amplitude  V^. 
(Q  is  the  quality  factor  of  the  resonant  circuit.)  Finally, 


(1) 


It  is  apparent  that  the  performance  of  the  cathode  will  dominate  the  gain  of  an  inductive  output 
amplifier:  specifically  there  is  a  tradeoff  between  the  Q  (i.e.,  the  fractional  bandwidth),  the  gate-to- 
cathode  capacitance,  and  the  gain.  For  a  10  pF  cathode  with  a  3%  bandwidth  at  10  GHz  and 
requiring  a  10  V  gating  signal  (20  V  p-p)  the  band-center  drive  power  is  0.5  W.  If  the  series- 
resonant  RLC  circuit  with  R  =  1  Q  must  be  fed  by  a  stripline  with  Zq  =  10  £2  (about  the  minimum 
impedance  for  a  low  loss  stripline),  then  the  required  drive  power  increases  to  5.5  W. 

3.4  Gain 

From  the  above  discussions  of  transconductance  and  capacitive  loading,  we  derive 


r  r- 

=  „  [E+  IK 

^•^cooCVrflizo  iR)  ' 

This  useful  figure  of  merit  for  the  emission-gating  assembly  correlates  closely  to  the  gain  of  the 
complete  amplifier.  (It  can  be  shown  that  the  product  gp*Pdr  is  dependent  only  on  the  average  and 

peak  beam  currents.)  In  this  relation,  the  appearance  of  the  transconductance,  bandwidth,  frequency, 
and  capacitance  are  predictable  and  obvious,  but  the  rf  gate-to-cathode  voltage  is  an  odd  fundamental 
design  parameter.  It  is  intuitive  that  an  increase  in  the  rf  voltage  will  increase  the  depth  of 
modulation  of  the  electron  beam;  without  assuming  a  specific  form  for  the  characteristic  curve  I(V), 

we  can  linearize  it  to  *=  where  A/  and  AV  are  identified  with  the  rf  components  of  the 
beam  current  and  gate  voltage.  The  power  transconductance  then  takes  the  form 
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which  makes  the  point  that  in  emission-gating,  there  is  a  price  in  gain  for  a  strongly  modulated  beam. 
We  will  show  in  Section  5  that  this  leads  to  a  tradeoff  between  the  gain  and  the  efficiency  (and/or  the 
compactness)  of  inductive  output  amplifiers.  In  Section  4,  this  figure  of  merit  will  be  related  to  the 
geometry  and  materials  of  FEA  cathodes. 


3.5.  Current  Density 

Since  gain  is  inversely  proportional  to  the  gate-to-cathode  capacitance,  a  small-area  source 
operating  near  peak  intensity  will  generally  provide  the  best  simultaneous  gain  and  efficiency.  This 
raises  issues  in  electron  gun  design,  including  initial  velocity  effects,  beam  spreading,  axial 
demodulation,  beam  stability,  and  perveance  enhancement.  All  are  of  concern  in  a  design  context. 
Here  we  are  particularly  interested  in  any  enhancement  in  gun  perveance  that  would  enable  use  of  the 
extremely  high  current  densities  available  from  field  emission  sources,  perveance  being  the  constraint 

on  the  maximum  current  which  can  be  drawn  for  any  specified  anode  voltage,  I  =  . 

The  conventional  starting  point  in  predicting  the  gun  perveance  K  is  the  one-dimensional  Child's 
law,  or  J  =  ,  where  d  (meters)  is  the  anode-cathode  gap  distance.  If  the 

dimensions  associated  with  the  emitting  area  A  are  large  compared  with  d,  then  the  maximum 
current  that  can  be  drawn  can  be  obtained  by  substituting  the  Child's  law  result  into  I  =  JA  .  Thus, 
for  example,  a  solid  beam  diode  with  A  =  Ttr^ ,  r  >  d  has  a  perveance  that  is  well  approximated  by 
K  =  ! d^^nr^ .  However,  annular  beams  are  likely  to  be  subject  to  the  condition,  d»w. 

To  investigate  this  regime,  MAGIC  simulations  were  performed  using  a  parallel-plate  geometry  in 
Cartesian  coordinates  (Fig.  5).  Table  1  gives  the  simulation  parameters  and  their  ranges  of  variation. 
The  procedure  for  each  simulation  was  the  same:  the  current  density  supplied  at  the  cathode  was 
gradually  raised  while  observing  electric  fields  everywhere  in  the  gap.  The  simulation  was  terminated 
when  field  inversion  occurred  (invariably  at  the  cathode  surface),  and  peak  current  was  then  recorded 
as  a  function  of  the  parameters.  Surprisingly,  the  beam  initial  energy  and  the  magnetic  field  had  very 
little  effect  on  the  results.  There  was  little  spreading  due  to  space  charge,  with  maximum  transverse 
energies  typically  of  the  order  of  a  few  electron  volts —  similar  to  the  energy  that  would  be  imparted 
by  the  FEA  gate.  This  transverse  component  typically  appeared  very  near  the  cathode  surface,  where 
the  velocity  was  lowest  and  the  density  highest.  By  inspection,  we  concluded  that  space-charge 
repulsion  would  cause  almost  no  degradation  of  the  bunching  of  a  thin  beam. 

Modeling  the  annular  beam  diode  in  light  of  the  calculated  results,  we  find  the  gun  perveance  to 
be  well  represented  by  the  fitting  function 

K  =  (2. 33  •  W^/d^  )27tw(l  +  (4) 

where  the  enhancement  factor  +  is  seen  to  be  substantial  for  d  »  w.  (The  enhancement 

results  from  spreading  of  the  image  charge  over  the  cathode;  in  a  truly  one-dimensional  problem,  the 
image  charge  is  restricted  to  the  emitting  area.)  Obviously,  the  idealized  result  of  Eq.  (4)  must  be 
modified  to  account  for  geometrical  complexities  such  as  a  hollow  anode,  beam  compression,  etc. 
But  our  conclusion  is  that,  for  annular  beam  diodes,  it  is  possible  to  draw  a  large  multiple  of  the 
current  calculated  from  the  1-D  Child's  law  and  the  emitting  area. 
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Fig.  5  —  Sheet  beam  diode  simulation  geometry 


Table  1  —  Hollow  Diode  Simulation  Parameters 


V  (AK  voltage) 

1.0  - 

10.0  kV 

d(AKgap) 

0.2  - 

2.0  mm 

d/w  (gap-to-width) 

0.75 

-30 

B  (magnetic  field) 

0.2  - 

4.0  T 

T  (initial  energy) 

1.0  - 

10.0  eV 

Because  such  high-perveance  beams  improve  the  performance  of  rf  output  couplers,  it  is 
advantageous  to  draw  the  maximum  current  density  consistent  with  a  reasonable  cathode  lifetime. 
Figure  6  compares  the  perveances  and  the  required  current  densities  of  two  planar  diodes — a  solid 
beam  of  outer  radius  r  and  anode  separation  d  and  a  hollow  beam  of  the  same  outer  radius  and 
separation  with  annulus  width  w.  The  solid  line  gives  the  annulus  width  for  which  the  annular  diode 
has  the  same  perveance  as  the  solid  diode,  while  the  dotted  lines  give  the  ratio  of  the  beam  current 
density  required  to  obtain  the  same  total  current  from  the  hollow  diode.  The  figure  shows  that 
practical  annular  designs  can  take  advantage  of  emission  current  densities  an  order  of  magnitude 
larger  than  a  1-D  planar  diode.  Electron  guns  for  inductive  output  amplifiers  should  be  designed  to 
exploit  cathodes,  such  as  FEAs,  which  are  capable  of  emitting  hundreds  of  amperes  per  square 
centimeter. 
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4.  CATHODE  OF  CHOICE— FEAs 

Field  emission  arrays  have  long  been  recognized  as  promising  replacements  for  thermionic 
emitters  in  vacuum  microwave  amplifiers  due  to  their  instant  turn-on  and  high  current  density 
capabilities.  The  vertical-emitter  gated  FEA  structure  consists  of  a  conducting  "base"  plane 
supporting  sharply  pointed  "tips"  of  cones  or  ridges  and  an  electrically  isolated  conducting  "gate" 
plane  with  apertures  through  which  electrons  pass  out  of  the  structure.  Figure  7  is  a  diagram  of  an 
FEA  unit  cell.  A  predictive  model  for  the  current-voltage  characteristic  of  novel  FEA  structures  is 
needed  to  reduce  the  time  and  cost  of  trial-and-error  development.  Such  a  model,  combining 
analytical  and  computational  elements  for  maximum  accuracy  and  utility,  has  been  constructed.[17] 
We  present  a  summary  of  the  physics  and  structure  of  the  model  below,  concentrating  upon  the 
implications  for  the  cathode  figure  of  merit  gp  given  by  Eq.  (2). 


4.1  Current  vs  Gate  Voltage  Modeling 

A  widely  used  method  of  estimating  the  field  emission  current  density  J  from  a  tip  is  to 
approximate  the  applied  field  dependence  of  J  by  the  1-D  Fowler-Nordheim  {F  ),  which 
depends  upon  the  local  applied  field  F: 
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(5) 

where  apj^  and  bp/^  are  material-dependent.  [18,19,20]  The  total  current  from  an  arbitrarily  shaped 
emitter  is  then  given  by  integration  over  the  surface 


/(V^)  =  jy*rf5.  (6) 

S 

The  Fowler-Nordheim  relation  is  often  applied  to  field  emission  from  three-dimensional  structures  by 
making  the  simple  replacements  I  =  bAJ  and  F  =  JiVg  (a  procedure  that  has  been  roundly  criticized 

[21,22]  but  nevertheless  widely  used)  in  order  to  “derive”  current- voltage  relations  amenable  to 
fitting  experimental  current-voltage  data: 

=  bAapNp^y^  ^^lp{-bFNlPygc) 

=  Apjsj Vgi~  exp|— )  • 

The  (assumed  constant)  parameters  Apj^  and  Bppi  are  strictly  empirical  due  to  the  ad  hoc  nature  of 
the  "area  factor"  bA  and  "field  enhancement  factor"  fi.  The  problem  of  “measuring”  7  and  F  has 
simply  been  deferred  to  “measuring”  bA 

The  simplest  model  of  a  gated  field  emitter  is  obtained  by  replacing  the  field  emitter  tip  by  a 
sphere,  the  gate  by  a  ring,  and  the  influence  of  the  anode  by  a  constant  background  field  (Fig.  8). 
The  resulting  “Saturn”  model  [23]  provides  analytically  tractable  relations  between  the  total  current 
emitted  from  the  sphere,  the  tip  and  gate  radii,  and  the  potential  of  the  gate.  The  methodology  is 
similar  to  that  employed  for  the  emitters  in  a  diode  configuration.  [24]  Taking  the  origin  of 
coordinates  to  be  the  center  of  the  sphere,  the  angular  dependence  of  the  field  in  the  vicinity  of  the 
tip  apex  (i.e.,  for  r  =  and  0  small)  may  be  approximated  by: 


m= 


% 


1  -I-  A(l  —  COS0) 


(8) 


where  F^jp  is  the  field  on-axis.  The  Saturn  geometry  accurately  models  the  tip  and  the  anode  field; 
however  the  ring  model  of  the  gate  breaks  down  at  high  gate  potentials  as  all  the  space  charge  is 
concentrated  close  to  the  tip.  The  model  may  be  improved  by  the  adding  rings  of  successively  larger 
radius,  to  better  approximate  a  hole  in  a  gate  plane.  These  rings  modify  the  parameters  F^p  and  A., 
providing  more  quantitatively  correct  results  without  modifying  the  form  of  the  solution.  This, 
however,  begins  to  look  like  a  fully  discretized  model  such  as  that  described  next. 


The  boundary  element  method  replaces  the  surfaces  inherent  in  Eq.  (6)  with  ribbons  having  a 
(constant)  surface  charge  density  (Fig.  9),  where  attention  is  restricted  to  cases  with  azimuthal 
symmetry.[25,26,27]  The  azimuthally  symmetric  structure  is  divided  into  ribbons;  accuracy  is 
enhanced  by  dramatically  reducing  the  widths  of  ribbons  near  the  tip.  Equation  (5)  then  becomes  a 
matrix  equation  of  the  form  (j)  =  M*o.  As  the  potential  distribution  (j)  is  known,  the  equation  can  be 
inverted  to  find  the  surface  charge  vector  o.  The  field  on  each  charged  ribbon  is  proportional  to  the 
surface  charge  of  that  ribbon  and  so  the  total  current  from  the  tip  may  be  found  by  summing  over 
the  current  from  each  ribbon.  Further,  as  the  total  charge  on  the  tip  is  known,  the  tip-gate 
capacitance  can  be  found  (as  well  as  other  components  of  the  capacitance  matrix).  Though  the 
method  is  relatively  fast  (the  sequence  of  programs  takes  less  than  a  minute  to  generate  an  I(Vg) 

curve),  the  influence  of  geometry  and  materials  on  the  emitted  current  is  not  transparent. 
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A  hybrid  of  the  two  aforementioned  approaches,  the  “semi-numerical”  model,  substitutes 
accurate  values  of  the  critical  parameters  and  X  from  the  boundary  element  model  into  the 

intutitively  appealing  Saturn  model.  The  semi-numerical  model  therefore  combines  the  best  features 
of  both  and  has  further  been  shown  to  successfully  match  experimental  ^Vg)  characteristics.  The 
semi-numerical  model  assumes  the  form  of  Eq.(8),  but  further  lets  F^jp  and  X  be  functions  of  the  gate 
voltage; 


Ptip(yg)^^fVg  +  Yf,  (9) 

MVg)  =  (Rx/Vg)-^Yx.  (10) 

where  6  is  the  slope,  in  keeping  with  the  conventional  use  of  B  for  the  field  enhancement  factor.  Due 
to  the  linearity  of  Eq.s  (9)  and  (10)  in  Vg  and  its  inverse,  any  two  boundary  element  solutions  at 

different  gate  potentials  determine  the  6  and  Y  parameters  for  a  given  geometry.  Similar  arguments 
apply  to  capacitance,  as  we  have  from  the  capacitance  matrix: 

C(Vg)  =  C,g^■CaV^Vg.  (II) 

where  the  a  subscript  refers  to  the  anode  and  the  tip-to-gate  capacitance  Cjg  is  therefore  the  y- 
intercept  of  C(V^^).  The  Fowler  Nordheim  parameters  Af^  and  are  obtained  from  a  linear  fit 
of  ln[//V^2]  yg  l/Vg  in  the  range  of  interest.  The  substitution  of  accurate  parameters  from  the 

boundary  element  calculation  into  the  Saturn  model's  analytical  relationships  gives  an  excellent 
model  of  FEA  performance. 

Simulations  were  performed  to  establish  the  dependence  of  and  BFlvupon  tip  radius  as  and 
gate  radius  r g  for  fixed  relationships  with  other  geometrical  parameters.  In  one  example,  a  sphere  on 
cone  triode  geometry  is  described:  the  work  function  is  4.35  eV,  the  tip-to-tip  distance  is  10*r^,  the 
base  to  the  gate  midplane  equal  to  the  tip  height  above  the  base,  both  at  2*rg,  the  gate  thickness  at 
0.5*rg,  the  200-V  anode  10  pm  above  the  gate.  The  tip  radius  was  varied  from  SA  to  lOOA,  and  the 

gate  radius  was  varied  from  0.02  pm  to  0.5  pm.  The  Fowler-Nordheim  A/>,  per  tip  varies  linearly  for 
as/rg  >  100  with  the  form: 


=  2.53  +  441-^  ,  (12) 

as  shown  in  Fig.  10(a)  The  Fowler-Nordheim  varies  logarithmically  in  the  gate  radius  with  the 
form: 

=  {33.4flJ-^  +  8.75flJ-^  •  log(;-^)|  in  [  ],  Vg  in  [pm]  .  (13) 

as  shown  in  Fig.  10(b).  For  small  gate  radius,  the  Bfn  becomes  attractively  small,  but  its  extreme 
sensitivity  to  the  gate  radius  may  present  a  new  uniformity  problem.  The  gate-to-tip  capacitance  per 
tip  (which  excludes  the  gate-to-base  capacitance)  is  given  by: 

Ctg[pF]  =  3.7 •  lO'"^  -I-  4.7  •  10'^  •  r^[pm]  . 


(14) 


16 


Kodis,  Jensen,  Zaidman,  Goplen,  and  Smithe 


The  increase  of  capacitance  with  gate  radius  is  counterintuitive.  However,  the  base-to-gate  distance 
and  gate  thickness  are  also  scaled  with  gate  radius  in  this  example  and  is  the  source  of  this  additional 
capacitance. 


4.2  Gated  FEA  Figure  of  Merit 

The  power  transconductance  of  a  modulated  cathode,  defined  in  Eq.  (2),  may  now  be  calculated 
for  the  specific  case  of  gated  field  emission.  Substituting  the  conventional  transconductance  gm,  the 
derivative  of  Eq.  (7),  and  the  derivative  of  Eq.  (1),  we  obtain 


Sp  -  ^tips^FNi^^pk  + 


2Q 

^if^oQotal 


(15) 


where  evaluation  at  the  maximum  value  Vpk  =  V^ias  +  Vjf  is  an  appropriate  choice  for  strongly 
modulated  beams.  (Evaluation  at  the  center  frequency  is  also  assumed.)  The  total  number  of 
emitting  tips  is  N^ips  ,  and  the  total  capacitance  is  given  by;  +  Nfip^Qip,  where  Ctip  is 

the  total  capacitiance  for  each  unit  cell,  andCadd  is  any  effective  capacitive  load  in  addition  to  the 
sum  over  the  FEA  unit  cells.  Defining  =  Apf^Vpj^  Q\^[-Bppi  jVpj^,  the  peak  current  per  tip,  and 

noting  that  Nup^ip^  is  the  peak  beam  current  Ipk  we  obtain: 


^avg  ^^pk  ^FN  ^ _ 20 _ f  1^^ 

fW  )  V^ao(QM  +  /^,t,sC,ip}['lzo  VrJ 

I  /VJ 


The  rf  voltage  Vrf  can  be  obtained  in  terms  of  the  modulation  current  ratio  lavg^^pk  by  convolution 
of  the  gate  voltage  signal  upon  Eq.  (7).  For  lavg/^pk  <  0-4,  the  result  is: 


1  vh 


(17) 


The  effects  of  the  input  circuit  bandwidth  and  the  mismatch  are  obvious,  and  the  modulation  current 
ratio  should  be  kept  as  large  as  is  consistent  with  acceptable  efficiency  (Section  5). 

More  interestingly,  this  relation  offers  several  hints  for  the  optimization  of  FEAs  for  maximum 
gain.  The  /(V)  characteristic  curve  and  the  capacitance  are  the  FEA  characteristics  that  appear  here; 
in  other  words,  the  FEA  is  effectively  described  by  App,  Bpj^,  and  C  with  the  operating  point  given 
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either  by  or  Vp^.  The  gain  is  most  sensitive  to  the  exponential  implicit  in  Eq.  (7),  and  reducing 
BpN  is  the  most  effective  means  of  optimizing  the  FEA.  The  two  parameters  Ap^  and  C  occur  only 
as  the  ratio  ApN/O,  they  may  be  traded-off  against  each  other. 

5.  EFFICIENCY 

The  output  circuit  has  relatively  little  effect  on  the  gain  of  lOAs  but  will  largely  determine  the 
efficiency  and  the  compactness  of  the  device.  Any  output  geometry  that  is  employed  with  velocity- 
modulated  beams  may  be  used  to  couple  power  from  an  emission-gated  beam,  though  an  optimized 
lOA  output  circuit  will  have  different  specifications  than  a  corresponding  velocity-modulated  output 
section.  We  will  discuss  this  optimization  for  two  circuits  representing  extremes  of  bandwidth  and 
compactness:  a  pi-mode  klystrode  cavity  and  a  helical  twystrode  circuit. 

Here  we  present  the  performance  criteria  for  output  circuits  in  inductive  output  amplifiers.  The 
design  constraints  which  force  tradeoffs  will  then  be  reviewed  for  representative  klystrode  and 
twystrode  circuits.  The  klystrode  circuit  is  a  pi-mode  cavity  chosen  for  its  useful  combination  of 
bandwidth  and  interaction  efficiency;  for  the  wideband  twystrode,  a  helical  circuit  offers  excellent 
bandwidth  with  ease  of  velocity-tapering  to  maximize  efficiency  as  well.  In  Section  6,  we  illustrate 
the  tradeoffs  between  gain  and  efficiency  with  several  examples  chosen  to  highlight  the  requirements 
for  emission-gated  electron  sources. 

5.1.  Performance  Criteria 

The  output  circuit  is  the  major  determinant  of  the  efficiency  and  specific  power  of  the  amplifier. 
Specific  power  is  the  ratio  of  output  power  to  volume  (or  weight  for  some  applications),  and  the 
output  circuit  is  typically  the  largest  of  all  components  of  the  amplifier.  Efficiency  is  defined  as  the 
usable  output  power  divided  by  the  input  beam  power.  In  general,  it  will  depend  strongly  on  the 
current  ratio  la/Ip.  If  the  bunch  shape  derives  from  the  macroscopic  Fowler-Nordheim  current 
characteristic  (Eq.  7),  then  the  current  ratio  becomes 


Intuitively,  one  might  expect  that  a  strongly  modulated  beam  (lower  la/Ip)  would  result  in  superior 
efficiency.  However,  in  a  broadband  output  circuit  (twystrode),  a  strongly  modulated  beam  drives 
higher  frequency  parasitic  modes  that  can  reduce  efficiency.  In  narrowband  output  circuits 
(klystrodes),  the  high  frequency  modes  on  a  strongly  modulated  beam  pass  through  the  circuit 
without  exciting  parasitic  modes  but  contribute  significantly  to  the  peak  electric  field  in  the  gap, 
which  limits  the  power  handling  capability  of  the  output  cavity.  In  both  circuits,  strong  modulation 
severely  reduces  the  gain  (Section  3.4),  and  this  mitigates  against  simply  maximizing  efficiency. 

5.2.  Klystrode 

Output  circuit  efficiency  for  the  klystrode  can  be  predicted  using  techniques  ranging  from  basic 
analytical  theory  to  detailed  electromagnetic  particle-in-cell  (PIC)  simulation.  Resonator  saturation 
theory  (RST)  [28]  is  an  analytical  approach  that  predicts  the  power  in  the  output  cavity  from  startup 
through  saturation.  It  is  based  upon  conservation  of  energy  expressed  by: 
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^  =  -^W  +  {E-J)  , 
dt  Q 

where  W  is  the  cavity  energy  and  <EJ>  is  the  power  loss  of  the  beam.  The  power  loss  term  is 
calculated  by  integrating  the  electron  velocities  crossing  the  gap  with  sinusoidally  varying  voltage. 
For  integrable  bunch  shapes  and  small  transit  angles,  a  complete  analytical  result  is  obtained.  When 
analytic  criteria  are  not  met,  the  power  loss  term  can  be  integrated  numerically,  including  details  such 
as  arbitrary  bunch  and  interaction  field  shape,  etc.  Thus,  resonator  saturation  theory  is  the  basis  for 
the  KLYDE  code  [31].  The  code  optimizes  the  peak  circuit  voltage  and  the  beam-to-circuit  phase 
shift  for  maximum  beam  power  loss  (efficiency),  subject  to  constraints  on  the  peak  electric  field  and 
the  prohibition  of  electron  backstreaming. 

When  space  charge  is  important,  one  can  resort  to  multidimensional,  electromagnetic  PIC 
techniques  such  as  MAGIC  [29]  to  obtain  a  fully  self-consistent  check  on  KLYDE.  In  the  PIC  code, 
the  circuit  can  be  modeled  with  a  full-cavity  transient  simulation  or  with  a  "port  approximation" 
similar  to  that  used  in  KLYDE.  The  predictive  accuracy  of  these  methods  has  been  well  substantiated, 
most  notably  for  the  487  MHz  klystrode  design  by  Varian.[12] 

To  illustrate  the  effect  of  the  current  ratio  upon  klystrode  performance,  we  have  calculated  the 
maximum  efficiency  that  can  be  obtained  from  a  pi-mode  cavity  circuit  with  the  specifications  given 
in  Table  2.  Figure  1 1  illustrates  the  geometry  for  an  idealized  pi-mode  cavity.  In  the  simulations,  the 
two  gap  widths  were  assumed  to  be  the  same,  so  that  the  gap  fields  were  equal  in  magnitude  but 
opposite  in  sign.  Then  the  gap  width  dg  and  spacing  ds  were  systematically  varied  along  with  the  gap 
voltage  and  bunch  phase  to  maximize  efficinecy,  subject  to  mechanical  (spacer  size  >  *),  peak  field 
{Ez  <  100  kV/cm)  and  electron  reversal  (P^  >  0)  constraints.  This  optimization  procedure  was 
repeated  for  current  ratios  in  the  range  0.2  <  la/Ip  <  0.8,  and  the  results  were  then  fit  to  the  following 
expressions  for  optimum  efficiency  and  quality  factor: 

nopr=(l-V/p)(l-4/3/p) 

=  300(4//p)|l  -^2(4//^)'"}. 

Subject  to  the  constraints,  ^opt  represents  the  highest  efficiency  that  could  be  obtained  at  that  current 
ratio  by  redesigning  the  cavity  for  that  ratio.  The  optimum  quality  factor  Qopt  is  the  cavity  Q 
required  to  achieve  the  maximum  efficiency  at  that  current  ratio.  Although  efficiency  clearly 
increases  as  current  ratio  decreases,  low  current  ratios  may  result  in  unacceptably  poor  gain.  This 
tradeoff  is  seen  in  the  examples  of  Section  6.  That  the  Q  varies  with  the  current  ratio,  thus  inversely 
to  the  efficiency,  is  the  usual  behavior  of  cavity  circuits.  For  wider  bandwidth  with  acceptable 
efficiency,  one  would  abandon  the  simple  pi-mode  structure  for  a  coupled-cavity  circuit. 

5.3.  Twystrode 

A  twystrode  is  an  inductive  output  amplifier  with  a  synchronous  traveling-wave  output  circuit. 
For  the  present  analysis,  we  have  selected  a  helical  circuit,  modeled  as  a  sheath  helix  with  moderate 
vane  and  shell  loading  for  moderate  dispersion,  resembling  the  output  section  of  a  traveling-wave 
tube.  However,  in  contrast  to  the  TWT  for  which  linear  Pierce  theory  [30]  is  good  to  first  order,  the 
interaction  of  a  prebunched  beam  and  a  helix  is  nonlinear.  The  mode  amplitudes  of  both  the 
electromagnetic  and  space  charge  waves  vary  orders  of  magnitude  per  wavelength,  leaving  no  slowly 
varying  or  adiabatic  variable  upon  which  to  base  a  linearization.  With  the  recent  development  of  the 
polarizer  model,  detailed  simulation  of  the  complete  output  circuit  is  now  practical. 
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Table  2  —  Klystrode  Simulation  Parameters 
f  =10  GHz 

la  =60mA 

Vb  =  2.5  kV 
Rb  =  0.3  mm 
Rt  =  0.45  mm 
B  =0.4  Tesla 


Fig.  11  —  The  pi-mode  cavity 

The  polarizer  model  [31]  uses  a  sheath  approximation  in  which  the  finite-wire  helix  is 
represented  as  a  cylindrical  sheet  with  infinite  conductance  parallel  to  the  helix  wire  and  zero 
conductance  in  the  perpendicular  direction.  This  representation,  realized  as  a  boundary  condition  on 
the  fields,  enables  accurate  modeling  of  a  helical  circuit  in  a  2-D  particle-in-cell  simulation.  The 
model  is  implemented  in  MAGIC  as  a  projection  operator  that  constrains  axial  and  azimuthal  fields  at 
the  helix  radius.  Special  diagnostics  have  been  developed  to  analyze  fundamental  mode  power  as  a 
function  of  axial  distance.  This  model  has  been  in  use  for  several  years  and  is  in  excellent  agreement 
with  the  series  of  emission  gated  amplifier  experiments  [13,  14,  32] 

Exercise  of  the  model  over  a  broad  range  of  parameter  space  indicated  that  efficiencies  much 
exceeding  20%  were  unobtainable  with  a  constant-pitch  helix.  Upon  introduction  of  a  quadratically 
tapered  pitch  and  a  3-stage  collector  post-processor,  the  best  net  efficiencies  appeared  at 
unexpectedly  large  taper  ratios,  e.g.,  3:1.  Work  then  focused  on  optimizing  such  radically  tapered 

helices  by  adjusting  the  parameters  a„  in  the  pitch  equation  P{z)  =  2itR^  tan(ao  +  -f  to  (1) 

minimize  the  accelerated  "runaway"  electron  population  and  (2)  to  keep  the  decelerated  electrons  in  a 
tight,  nearly  monoenergetic  packet.  This  second  constraint  improved  both  single-pass  and  net 
efficiency  by  deferring  reversal  of  the  slowest  electrons  to  lower  net  beam  energies  and  by 
maximizing  the  collector  efficiency. 

To  illustrate  the  effect  of  the  current  ratio  upon  twystrode  performance,  we  have  calculated  the 
maximum  single-pass  efficiency  for  a  radically  tapered  design,  with  the  parameters  given  in  Table  3. 
The  efficiency  was  optimized  with  respect  to  the  quadratic  pitch  equation,  including  the  total  length 
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of  the  circuit,  subject  to  the  constraint  of  electron  reversal.  The  results  from  this  optimization 
exercise  were  then  fitted  to  portray  optimum  single-pass  efficiency  and  associated  circuit  length  as  a 
function  of  current  ratio. 


1»pr={K+W'p)(l-'./'pf 

^opt  =  0.05(4//^f. 


Table  3  —  Twystrode  Simulation  Parameters 
f  =10  GHz 

la  =  200  mA 

Vb  =  4kV 
Rb  =  0.3  mm 
Rh  =  0.45  mm 
Rt  =  0.95  mm 
B  =0.75  Tesla 


An  experiment  at  487  MHz  and  3:1  tapered  pitch  is  presently  under  way,  and  an  FEA-driven 
experiment  at  10  GHz  is  being  designed.  The  specific  results  and  recommendations  of  the  model  will 
continue  to  evolve;  however,  parabolic  tapering  and  large  variations  in  pitch  appear  most  promising. 
Effective  designs  prevent  runaway  electrons,  avoid  reacceleration  of  slowed  electrons,  and  maintain 
minimum  velocity  dispersion  in  the  bulk  of  the  electron  bunch.  In  addition,  we  have  evaluated  the 
spent-beam  I(V)  curves  from  numerous  tapered  helix  designs  and  find  that  a  three-stage,  depressed 
collector  would  typically  add  20  percentage  points  of  efficiency  over  a  broad  range  of  current  ratios. 
Thus,  net  efficiencies  in  excess  of  50%  appear  likely  for  this  device. 

5.4.  Further  Development  Under  Way 

For  practical  design,  we  must  know  how  to  extrapolate  such  results  to  nonoptimum  quality 
factors  and  other  regimes  of  frequency,  beam  power,  voltage,  average  current,  etc.,  and  to  connect 
circuit  performance  directly  to  FEA  parameters.  Many  of  these  relationships  are  counterintuitive — 
for  example,  mechnical  constraints  on  the  pi-mode  gap  prevent  scaling  of  length  with  frequncy  and, 
instead,  lead  to  higher  voltages.  A  complete  description  of  the  analysis  methodology  is  beyond  the 
scope  of  the  present  paper  and  will  be  reported  separately  [33]. 

6.  EXAMPLES 

A  central  question  in  the  present  state  of  the  development  of  lOA  with  gated  FEA  cathodes  is, 
"What  FEA  performance  is  required  to  meet  realistic  amplifier  specifications?"  The  analysis 
presented  in  this  paper  can  be  used  to  make  practical  judgements  on  the  feasibility  of  given  designs 
or  to  state  quantitatively  the  improvements  required  to  make  the  designs  feasible.  To  illustrate  how 
this  is  done  and  to  provide  guidelines  on  minimum  and  optimal  requirements,  we  will  evaluate  three 
FEA  cathodes  in  both  klystrode  and  twystrode  amplifiers. 
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The  three  FEAs  described  in  Table  4  also  represent  a  range  of  performance  from  minimal  to 
highly  desirable.  Note  that  FEA  #1  is  intended  to  be  pie-in-the-sky —  the  best  measurements  to  date. 
FEA  #2  is  intended  to  represent  the  current  state  of  the  art,  which  a  designer  could  reasonably  expect 
to  obtain  in  quantity  and  with  some  reproducibility.  FEA  #3  is  intended  to  demonstrate  the  necessity 
of  low  Bfj\f  for  reasonable  amplifier  gain.  The  amplifier  specifications  are  given  in  Table  5.  Note 
that  the  frequency  fo,  the  beam  voltage  Vbeam^  and  the  output  power  Pout .  are  nominally  equal  for 
all  three  amplifiers. 


Table  4  —  Amplifier  Specifications 


FEA  #1 

FEA  #2 

FEA  #3 

a 

6.0  iiAfV^tip 

8.5  iiAA^^tip 

17.0  ^lAA^^tip 

B 

125  V 

880  V 

2000  V 

C 

5  pF  total 

10  pF  total 

2.5  pF  total 

ipk 

1  jiA/tip 

10  |i  A/tip 

20  |iA/tip 

R 

1.4  £2 

1.4  Q 

1.4  Q 

Table  5  —  Three  Examples  of  FEA  Specifications 


Amplifier  A 

Amplifier  B 

fo 

10  GHz 

10  GHz 

BW 

3% 

33% 

Vbeam 

2.5  kV 

2.5  kV 

Pout 

50  W 

50  W 

Gain 

10  dB 

10  dB 

Efficiency 

50%  net 

40%  net 

Figures  12(a)  and  12(b)  show  the  gain  and  efficiency  trade  off  of  each  amplifier;  the  arrows 
indicate  the  region  on  each  plot  where  the  specifications  are  met.  Most  noteworthy,  FEA  #1, 
representing  a  compilation  of  the  best  measured  parameters  available,  does  satisfy  the  specifications. 
The  failure  of  FEA  #3,  due  exclusively  to  large  because  every  other  parameter  is  excellent,  is  a 
typical  result  of  the  analysis.  Testing  more  than  1(X)  possible  combinations  of  FEA  specifications  by 
spreadsheet  yielded  uninteresting  performance  from  any  design  with  Bfj^  >  1000,  and  no  high- 
performing  combination  had  Bpj\i  >  500.  It  is  not  surprising  that  there  is  no  substitute  for  a  small 
BfN\  equally  unsurprising,  reference  to  Eq.  (13)  indicates  that  small  Bfn  comes  from  sharp  tips  and 
small  gate  apertures.  At  a  Bfn  of  125  (and  tip  radius  estimated  under  10  A),  FEA  #1  is  located  in  a 
region  of  Fig.  10(b)  where  order-of-magnitude  improvement  in  performance  may  be  expected  for 
relatively  slight  reductions  in  size. 
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7.  CONCLUSIONS 

An  Inductive  Ouput  Amplifier  requires  an  emission-gated  electron  beam,  obtained  from  a 
modulated  source.  Experiments  and  simulations  have  shown  the  advantages  in  compactness  and 
efficiency  obtainable  by  use  of  these  prebunched  beams.  Simulations  of  a  pi-mode  cavity  yielded 
50%  efficiency  with  acceptable  gain  and  up  to  3%  bandwidth— further  improvement  in  bandwidth 
would  be  obtained  from  a  coupled-cavity  output  circuit.  We  find  that  while  output  circuits  yielding 
net  efficiencies  of  50%  or  greater  are  well  within  the  state  of  the  art,  the  gain  is  likely  to  be  moderate 
(10  to  20  dB).  Design  criteria  for  the  joint  optimization  of  the  FEA  structure  and  the  RF  input  and 
output  circuits  of  Inductive  Output  Amplifers  have  been  demonstrated. 

Field  emission  cathodes,  due  to  their  extremely  low  electron  transit  time  and  high  trans¬ 
conductance,  offer  the  opportunity  to  extend  the  advantages  of  emission  gating  into  C  and  X  bands. 
With  today's  FEA  performance,  a  desirable  operating  regime  is  achievable,  yielding  a  new  class  of 
compact,  highly  efficient,  and  moderate  gain  power  booster  amplifiers. 
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